Epigenetic regulation of gene expression occurs in a cell type-specific manner. Current cell-type 24 specific neuroepigenetic studies rely on cell sorting methods that can alter cell phenotype and 25 introduce potential confounds. Here we demonstrate and validate a Nuclear Tagging and 26
Introduction microglia (Cx3cr1, C1q, Itgam), neurons (Eno2, Npas4), and oligodendrocytes (Mog) was 94 observed in the positive TRAP fraction compared to the other fractions (Figure 2A) . RNAseq 95 analysis, as visualized by Principal Component Analysis (PCA), revealed separation of positive 96 fraction from input, negative, and whole tissue samples in the first component ( Figure 2B) . Cell 97 type-specific marker gene lists were generated from prior cell sorting studies 18 (Supplemental 98 Table 4 ). The distribution of cell type-specific gene expression showed enrichment of astrocytic 99 genes and depletion of microglial, neuronal, and oligodendrocytic genes in the positive fraction 100 relative to input ( Figure 2C-2D ). 101
One prior study applied the RiboTag approach with the same Aldh1l1-cre/ERT2 line of mice 12 . In 102 another recent study 19 the RiboTag approach with a Gfap-cre was used to target the astrocyte 103 transcriptome. We compared the lists of astrocyte marker genes (BHMTC p<0.05, FC enrichment 104 >5) generated in these studies with the data from the NuTRAP line developed here and found 105 127 ribosomal-tagging marker genes for astrocytes that are independent of ribosomal tagging 106 approach or cre line (Figure 2E , Supplemental Table 4 ). When this list of 127 ribosomal-tagging 107 astrocyte marker genes was compared to previously-identified astrocyte markers from cell sorting 108 studes 18 , we found 12 isolation method independent astrocyte marker genes ( Figure 2F , 109 Supplemental Table 4 ). Taken together, these comparisons demonstrate a commonality to 110 astrocyte enriched genes with some minor differences in RiboTag versus NuTRAP and Aldh1l1 111 versus Gfap cre lines. Astrocyte enriched transcripts further demonstrated over-representation of 112 genes critical in astrocyte physiological functions 12,19,20 such as cholesterol synthesis and 113 transport, fatty acid metabolism, receptors/channels, complement/immune mediators and 114 synapse modification (formation, function, and elimination) (Supplemental Figure 3) . These 115 findings are collectively in agreement with the normal physiology of astrocytes in the brain and 116 demonstrate specific targeting and enrichment of astrocyte transcripts in the Aldh1l1-NuTRAP 117 model. 118
Validation of astrocytic epigenome enrichment in the Aldh1l1-NuTRAP mouse brain by 119
INTACT-BSAS. 120
Nuclear preparations of Aldh1l1-NuTRAP were subjected to INTACT isolation with streptavidin 121 magnetic beads for separation of negative and positive (biotinylated) nuclei. To assess purity of 122 putatively astrocytic nuclei in the positive fraction, nuclei were evaluated for expression of 123 mCherry by confocal microscopy imaging ( Figure 3A-B) . Biotinylated, mCherry + nuclei covered 124 by streptavidin beads (that fluoresce in the red channel 10 ) were evident in the positive fraction 125 well as a trend in neurons (Eno2 and Npas4), was observed in the positive TRAP fraction 159 compared to the other fractions ( Figure 5A) . RNAseq was performed on input, negative, and 160 positive fractions from TRAP isolation, as well as whole tissue. Transcriptome profiles revealed 161 separation of positive fraction from all other groups ( Figure 5B ) by PCA. Fold change enrichment 162 in the positive TRAP fraction versus the input was compared to microglial marker genes lists from 163 cell sorting studies. Enrichment of microglial genes and depletion of astrocytic, neuronal, and 164 oligodendrocytic genes was observed in the positive fraction relative to input (Figure 5C-5D ). The 165 same Cx3cr1-cre/ERT2(Jung) line as used here has been used with RiboTag enrichment of 166 microglial RNA 5 . In another study, the Cx3cr1-creErt2/+(Litt) line was crossed with a TRAP mouse 167 model 3 . We compared the lists of microglial marker genes with FC>5 (p<0.05, positive 168 fraction/input) in these studies 3,5 with the Cx3cr1-NuTRAP (Present study). We identified 142 169 ribosomal-tagging common microglial marker genes ( Figure 5E , Supplemental Table 5) . 170
Comparing the ribosomal-tagging microglial marker genes with previously established microglial 171 marker genes from cell sorting studies 18 revealed 101 isolation method-independent microglial 172 marker genes (Supplemental Table 5 ). 173
Genes enriched in the microglia transcriptome included an overrepresentation of genes regulated 174 by PU.1 (also known as Spi1), a transcription factor that shapes the homeostatic functions of 175 microglia 23 (Supplemental Figure 5) . Collectively, data provide ample support that the Cx3cr1-176
NuTRAP model is suitable for studying the microglia transcriptomic signatures of the brain in both 177 homeostatic and stress settings. 178
Transcriptome comparison between Aldh1l1-NuTRAP and Cx3cr1-NuTRAP positive fractions by 179 regulator and pathway analyses confirmed cell-specific enrichments in agreement with brain 180 astrocytes and microglia, respectively (Supplemental Figure 6) . 181
Validation of microglial epigenome enrichment in the Cx3cr1-NuTRAP mouse brain by 182

INTACT-BSAS. 183
In parallel with the TRAP protocol described above, nuclear preparations of Cx3cr1-NuTRAP 184 were subjected to INTACT isolation with streptavidin magnetic beads for separation of negative 185 and positive (biotinylated) nuclei. To assess purity of putatively microglial nuclei in the positive 186 fraction, nuclei were evaluated for expression of mCherry by confocal microscopy imaging. Figure 7B ). The analysis of mCH levels showed a significantly lower level of mCH in the Aldh1l1l-212
NuTRAP and Cx3cr1-NuTRAP positive fractions with respect to their negative fractions. The lower 213 level of non-CG methylation was more pronounced in microglia, being significantly less than the 214 input. This is consistent with the concept that mCH is concentrated in neurons 1 and provides more 215 specific detail that this is true when astrocytes or microglial alone are examined. As previously 216 reported for the brain 14,25,26 , no non-CG hydroxymethylation (hmCH) was detected in any of the 217 samples analyzed ( Figure 7D ). To uncover potential cell type-specific differences in mCG 218 patterns, methylation across cell-type marker genes (from -4kb in respect to the TSS and +4b 219 from the TES) was compared for astrocytes ( Figure 7E ) and microglia ( Figure 7H ). In Aldh1l1- 
RNAseq analysis of microglial transcriptome 24 hours after LPS challenge in the Cx3cr1-252
NuTRAP mouse brain. 253
To probe the utility of using NuTRAP models to identify cell type-specific molecular changes not 254 observable in tissue level analyses, we performed an acute LPS administration paradigm in the 255 Cx3cr1-NuTRAP model. Systemic delivery of LPS is commonly used to study microglial 256 responses in the brain 30-32 . Toll-like receptors (TLRs) are pattern recognition receptors expressed 257 by innate immune cells, such as microglia, and recognize and respond to conserved structural 258 motifs called pathogen-associated molecular patterns (PAMPs) including LPS, initiating a 259 cascade of molecular reactions resulting in the upregulation of pro-inflammatory cytokines and 260 chemokines 33 . 261
To interrogate the microglial transcriptome and epigenome Cx3cr1-NuTRAP mice were 262 administered a single i.p. injection of 5 mg/kg LPS or PBS as sham control. To confirm induction 263 of inflammation by LPS, plasma and brain tissues were analyzed for content of inflammatory 264 cytokines. Circulating IL6, TNF, and IFNɣ contents were elevated as early as at 4 hours post LPS 265 treatment and specifically IL-6 remained elevated in plasma and brain after 24 hours 266 Figure 8E) . 315
While the positive fraction showed a decrease in Ly96 methylation with LPS administration 316 ( Figure 8F) , there was no change in Ly96 gene expression ( Figure 8F ). Of note, in the cases of 317 Tlr2, Myd88, and Ly96 promoter methylation, the changes in methylation observed in the positive 318 fraction were not apparent in the input. This highlights the importance of studying DNA 319 modifications in a cell type-specific manner and the value of the Cx3cr1-NuTRAP model to study 320 the relationship between microglia genomic methylation and transcriptome.
Lastly, to further demonstrate the utility of the NuTRAP system for additional molecular analyses, 322 we examined microglial proliferation by stable isotopic labeling. This approach uses deuterium 323 oxide (D2O) in drinking water, which quickly equilibrates its labeling with the deoxyribose moiety 35 . 324
The labeled deoxyribose moiety is then incorporated into DNA through de novo synthesis only, 325 with no contribution of salvage pathways or repair processes. After 30 days of D2O administration 326
to Cx3cr1-NuTRAP mice INTACT isolation was performed and the DNA extracted. Incorporation 327 of deuterium was determined through GC-MS in the positive fraction and input and found to be 328 significantly greater in the positive fraction (Supplemental Figure 13) indicating that microglial 329 replication is greater than the average of all CNS cellular populations 36 . 330
In summary, the results offer extensive evidence to support the combination of inducible cre/lox 331 and NuTRAP models as a suitable and powerful approach for the parallel study of the cell-specific 332 epigenetic and transcriptomic signatures in the brain.
Discussion 334
Two of the main challenges that obstruct the interpretation of neuroepigenetic studies are the 335 isolation of specific cell types from the complex milieu of the CNS and the lack of approaches to 336 analyze both the transcriptome and epigenome of such cells. Combining TRAP and INTACT 337 tagging into one construct that can be temporally controlled provides a tractable approach for cell 338 type-specific paired analysis of the epigenome and transcriptome. We present the development, 339 validation and application of this approach for astrocytes and microglia. These approaches could 340 be applied to any CNS cell type for which there is an appropriate cre driver line. The inducible 341 nature of the Cre-Lox systems used (Aldh1l1-cre/ERT2 12 and Cx3cr1-cre/ERT2 13 ), in combination 342 with the recently developed NuTRAP construct 11 , also allows for temporal control of labeling of 343 cell-specific nuclei and polyribosomes, avoiding the deleterious effects of constitutive DNA 344 recombination during development and potential confounds from having developmental 345 expression of the cre when studying adult/aged stages of the lifespan. To the best of our 346 knowledge, this is the first study applying the NuTRAP model to neuroscience research, or using 347
Tam-dependent induction. Importantly, these results also provide approaches for generation and 348 validation of NuTRAP neuroscience models crossed to any relevant cell type-specific cre line. 349
The NuTRAP system combining TRAP and INTACT tagging approaches into one floxed construct 350 was first described and applied to adipocytes 11 . The potential use in neuroscience research is marker genes. Together these studies provide high confidence that these are valid models to be 364 applied in a broad spectrum of neuroscience research studies ranging from brain aging, to 365 neurodegenerative and neuropsychiatric studies. Moreover, the validation approach can be applied to any new NuTRAP model and the protocols described here can be scaled-down to 367 microdissected CNS tissue, such as a single hippocampus or retina sample (not shown). 368
These findings also reveal new insights into astrocyte and microglia biology. Non-neuronal cells 369
have been reported to have less CG hydroxymethylation than other cells in the brain and also 370 have lower non-CpG methylation 1 . While it is sometimes simplistically believed 371 hydroxymethylation and non-CpG methylation are restricted to neurons these findings provide 372 evidence that while CG hydroxymethylation and non-CG methylation levels may be lower in non-373 neuronal cell populations yet they are not absent. To date, there is no explanation for why 374 hydroxymethylation is not evident in the non-CG context but as previously reported this 375 modification is absent or at a level below detection 14, 25 . 376
To determine the sensitivity of cre/ERT2-NuTRAP approaches for the detection of molecular 377 changes at the cell type-specific level that are not evident in tissue homogenates we acutely 378 administered LPS to Cx3cr1-NuTRAP mice. Microglia-specific transcriptome and epigenome 379 changes were revealed that could not be detected without affinity purification. Further, we 380 demonstrated how our approach in combination with other labeling approaches, in this case D2O, 381 could help provide insight into how cell-specific genomic changes influence dynamic processes 382 of the cell, such as replication. Collectively, our experiments demonstrated that the NuTRAP 383 approach can be applied to CNS cell populations and INTACT approaches can be used to study 384 DNA modifications, not only at the whole genome and gene promoter levels, but also in repeat 385 elements of the genome, as shown here for the first time. 386
In light of the increasing interest in cell-specific contributions to the CNS epigenome 2,24 and 387 transcriptome 3,5,12,19,20,30,31,37 landscapes, the use of transgenic inducible cre mouse models that 388 allow for manipulation of specific floxed genes, or tagging of cell-specific nuclei/and or polysomes 389 represent valuable research tools. Models using constructs such as INTACT 2 , TRAP 8 , and 390 RiboTag 9 , constitute critical advancements for DNA or RNA studies of specific cell types. 391
However, the introduction of inducible-cre mouse lines in combination with NuTRAP technology, 392 as validated in this study, is a powerful strategy in the interrogation of the cell type-specific 393 dependent differences in the transcriptomes and epigenomes in the adult CNS.
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The authors acknowledge the Laboratory for Molecular Biology and Cytometry Research 396 at OUHSC for the use of the Core Facility, which provided flow cytometry services, the Cellular 397 composed of blood vessels, was removed by centrifugation at 200 x g for 1.5 min at 4°C 43 , and 499 the supernatant containing the nuclear material filtered through a 30 µm strainer and centrifuged 500
at 500 x g for 5 min at 4°C. The resulting nuclear pellet was resuspended in nuclei lysis EZ buffer, 501 incubated on ice for 5 min, washed by centrifugation, and resuspended in 300 µl nuclei EZ storage 502 buffer by gentle trituration with a micropipette. From the total resuspended pellet volume, 10% 503 was reserved as input nuclei fraction and the rest was diluted with 1.6 ml nuclei purification buffer 504 Streptavidin Dynabeads (#11205, ThermoFisher Scientific) were added into a fresh 2 ml 507 microcentrifuge tube and washed with 1ml of NPB using a DynaMag-2 magnet (#12321; 508 ThermoFisher Scientific) for a total of three washes (1 min incubation/each). The washed beads 509 were reconstituted to their initial volume (30 µl) with NPB and gently mixed with the nuclear 510 suspension. The mixture of nuclei and magnetic beads was incubated at 4°C for 40 min under 511 gentle rotation settings to allow the affinity binding of streptavidin beads to the cell-specific, 512 biotinylated nuclei. After incubation, the streptavidin-bound nuclei were magnetically separated 513 with the DynaMag-2 magnet for a period of 3 min and the unbound nuclei collected in a fresh 2 514 ml microcentrifuge tube, centrifuged at 4°C (1,000 x g, 3 min), resuspended in 100 µl of NPB and 515 reserved as the negative nuclei fraction. The nuclei bound to the beads were washed in the 516 size selection with 0.7X bead ratio followed by 0.15X bead ratio. Following clean-up, the 539 amplicons were quantified using Qubit TM dsDNA HS assay kit (#Q32851; Thermofisher Scientific) 540
and 5 ng of each amplicon was pooled per sample. One ng of the pooled amplicons was used for 541 library construction with the Nextera XT DNA library preparation kit (#FC-131-1096; Illumina, San 542 Diego, CA), according to the manufacturer's guidelines. Libraries were quantified with Qubit TM 543 dsDNA HS assay kit and TapeStation HD1000, normalized to 1 nM or 4 nM, and pooled for 544 sequencing. Pooled libraries were then sequenced on iSeq or MiSeq (Illumina) at loading 545 concentrations 35 pM or 8 pM, respectively. Fastq files were aligned to amplicon sequences in 546 CLC Genomics Workbench 11.0 (Qiagen) using the "Map Bisulfite Reads to Reference" feature. 547
Site-specific CpG (CG) and CH methylation percentages were extracted for downstream analysis. 548
Library construction and oxidative bisulfite sequencing (OxBS-seq) 549
Protocols were carried out as previously described 14 
OxBS-seq data analysis 573
Global levels of mCG, hmCG, and mCH were analyzed as previously described. 14 Prior to 574 alignment, paired-end reads were adaptor-trimmed and filtered using Trimmomatic 45 0.35. End-575 trimming removed leading and trailing bases with Q-score<25, cropped 4 bases from the start of 576 the read, dropped reads less than 25 bases long, and dropped reads with average Q-score<25 577 Alignment of trimmed bisulfite converted sequences was carried out using Bismark 46 0.16.3 with 578
Bowtie 2 47 against the mouse reference genome (GRCm38/mm10). Bams were de-duplicated 579 using Bismark. Methylation call percentages for each CpG and non-CpG (CH) site within the 580 genome were calculated by dividing the methylated counts over the total counts for that site in 581 the oxidative bisulfite -converted libraries (OXBS). Genome-wide CpG and CH methylation levels 582 were calculated separately. Hydroxymethylation levels in CpG (hmCG) and CH (hmCH) contexts 583 were calculated by subtracting call levels from the oxidative bisulfite-converted (OXBS) libraries 584 from the bisulfite-converted (BS) libraries. BAM files generated by MethylSeq (Basespace, 585
Illumina) were run through MethylKit in R 48 to generate context-specific (CpG/CH) coverage text 586 files. Bisulfite conversion efficiency for C, mC, and hmC was estimated using CEGX spike-in 587 control sequences. Untrimmed fastq files were run through CEGX QC v0.2, which output a 588 fastqc_data.txt file containing the conversion mean for C, mC, and hmC. Analysis of methylation 589 levels in the proximity of the promoter region was performed on a list of selected genes as follows. 590
The R package Enriched Heatmap 49 was used to intersect methylation call files with genomic 591 coordinates of gene lists. Flanking regions of 4000 nucleotides were constructed upstream of the 592 transcription start site (TSS) and downstream of the transcription end site (TES) and then split 593 into 20 bins of 200 nucleotides each. The gene body was split into 27 equal bins, depending on 594 the gene length. The average of each bin for all genes in the list was then plotted versus the bin 595 number to give a visualization of the overall pattern of mCG within and around the genes 596 contained in the gene lists. Average mCG and hmCG levels were calculated for the upstream 597 region (-4kb to TSS), gene body (TSS to TES), and downstream region (TES to +4kb) for each 598 gene list and biological replicate, and subjected to 2-way ANOVA statistical analysis with Sidak's 599 multiple comparisons correction (GEO repository under accession code GSE140271). 600
Repeat element mCG, mCH, and hmCG was also examined. Repeat masker bed files were 601 extracted from the UCSC Genome Browser Table Browser 50 . The context-specific CpG/CH 602 MethylKit text files were intersected with the repeat masker bed files using 'bedtools', and percent 603 methylation was calculated by dividing the average percent methylation at all common sites by 
